For potential application in advanced gas storage at moderate temperatures, a systematic study on tetrabutylammonium chloride (TBAC) + CH 4 semiclathrate hydrate formation kinetics was conducted using isobaric kinetics measurements to evaluate the effects of pressure (6.0, 3.0 MPa), temperature (278 K, subcooling degree of 6 K), and salt concentration (0.10, 0.20, 0.30, 0.34, 0.45 mass fraction). The results revealed that the systems showed shorter induction time, higher normalized gas consumption and higher rapid growth rate under a higher supersaturation environment, represented by higher pressure or lower temperature. Besides, the effect of salt concentration was complicated. With the increase of salt concentration, the total gas consumption was almost the same while the normalized gas consumption decreased greatly, indicating that the amount of CH 4 trapped in the hydrate unit greatly decreased and the system with low salt concentration was a good choice for advanced gas storage. In addition, a Raman device was employed to reveal the structural properties. The spectra showed that the (TBAC + CH 4 ) semiclathrate hydrates were formed with hexagonal structure or tetragonal structure under different salt concentrations, which were different from the structures of pure TBAC hydrate. It was assumed that at low salt concentrations the addition of CH 4 induced the formation of hexagonal structure since it had three 5 12 cages per TBAC which was higher than that of the tetragonal structure.
Introduction
Clathrate hydrate is one kind of nonstoichiometric crystalline inclusion compound. It comprises a water lattice held together through hydrogen bonding with guest molecules of gases (such as CH 4 , CO 2 , or N 2 ) or some volatile liquids (such as tetrahydrofuran, acetone).
1 Generally, the structures of simple clathrate hydrates are mainly categorized into three structures, namely structure I with space group Pm3n, structure P with space group Fd3m, and structure H with space group P6/mmm, which are formed depending on the size, shape and nature of the accommodated guest species. In cases where the guest molecules are large ionic molecules, such as tetrabutylammonium salts (TBAX, X¼ F/Cl/Br) and tetrabutylphosphonium salts, the guest cations are encaged in the four cage-fused cage composed by tetrakaidecahedron cages (T, 5 12 6
2 ) and pentakaidecahedron cages (P, 5 12 6 3 ), and the anions can replace the water molecules in the hydrate cage. [2] [3] [4] [5] The dodecahedron cages (D, 5 12 ) are vacant to trap guest gas molecules. Thus this kind of ionic clathrate hydrate, known as semiclathrate hydrate (SCH), shows many special features, such as cohost inclusion and improved thermal stability, due to the ionic interaction between host and guest molecules. 6 Recently, SCH has been studied as a more promising medium as compared with ordinary clathrate hydrate for many engineering practices, such as gas separation/ storage/transportation, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] seawater desalination, 21 and cold energy storage.
22-25
SCHs of TBAX (X ¼ F/Cl/Br) were rst founded by Fowler et al. 26 in 1940 and structurally determined by Jeffery 27 in 1969. They were reported to be stable at temperatures above 273 K and the most common structures of SCHs were hexagonal structure-I (HS-I), tetragonal structure-I (TS-I) and cubic superstructure-I (CSS-I) with unit cell formula of 2P$2T$3D$40H 2 O, 4P$16T$10D$172H 2 -O, and 48T$16D$368H 2 O, respectively. 4 Rodionova et al. 3 reported that according to different salt concentrations TBAB, TBAC and TBAF SCHs were formed on the basis of HS-I/TS-I, TS-I, and TS-I/CSS-I, respectively. As compared with some other known thermodynamic promoters, such as tetrahydrofuran (THF), TBAX (X ¼ F/Cl/Br) were more attractive because of their non-volatile property, which could ensure the gas phase uncontaminated and the SCH forming process reversible.
In recent years, many researchers have reported that TBAX (X ¼ F/Cl/Br) could remarkably enhance the stability of gas hydrate by greatly lowering the equilibrium pressure and increasing the equilibrium temperature. [28] [29] [30] [31] [32] [33] [34] [35] While regarding the formation kinetics which were more important for industrial applications, only some limited experiments have been carried out. Among TBAX (X ¼ F/Cl/Br), TBAB was most investigated. In 2013, Roosta et al. 36 reported that TBAB could increase the CH 4 hydrate formation rate. In 2014, Zhang et al.
14 studied the formation kinetics of (TBAB + CO 2 ) SCHs at mass fraction ¼ (0.05 and 0.10), and the results revealed that the moles of formed SCHs and the formation rates both increased with the increase of subcooling degree. In 2016, Verrent et al. 37 investigated the hydrate growth of (TBAB + CO 2 ) at 0.40 salt mass fraction. However, as compared to TBAB, TBAC was reported to give a higher pressure reduction for N 2 /CO 2 hydrate formation and a similar pressure reduction for CH 4 hydrate formation.
38
To our best knowledge, most of studies related with TBAC were focused on the thermodynamic properties. While considering the structural properties, only a limited data were reported in the open literature.
4,39-41 Kim et al. presented the PXRD patterns of (TBAC + CO 2 ) SCHs and (TBAC + CO 2 + N 2 ) SCHs.
39, 40 Oshima et al. 41 studied crystallographic properties of (TBAB + TBAC) SCHs through PXRD measurement, and the result demonstrated that the double SCHs were formed with structure of tetragonal one (P4/mmm or P4/m) or orthorhombic one (Pmma) at different salt concentrations. However, these achievements of TBAC did not involve the formation kinetics which were important for hydrate-based applications. This literature review indicated an imperative need for studying the kinetics of TBAC SCHs with varying mass fractions to understand and develop uses of hydrates, including designing effective processes.
In this work, we studied the formation kinetics of double (TBAC + CH 4 ) SCHs to determine the effects of TBAC concentration, pressure and temperature on the hydrate nucleation, hydrate growth and gas storage capacity. In addition, the Raman spectroscopy was employed to analyze the hydrate structure and identify the molecular behavior.
Experimental section

Experimental materials
TBAC (0.98 mass fraction, Tokyo Chemical Industry Co., Ltd.), and CH 4 (0.999 mole fraction, Guangzhou Shiyuan Gases Co., Ltd.) were purchased and used without further treatment. Deionized water made in the laboratory, aer careful degassing, and TBAC were weighed on an electronic balance with the uncertainty of AE 0.01 g to prepare desired TBAC aqueous solution with w (TBAC mass fraction) ¼ (0.10, 0.20, 0.30, 0.34, and 0.45).
Experimental apparatus
A schematic diagram of the experimental apparatus used for the measurements of hydrate formation kinetics was shown in Fig. 1 . The apparatus mainly consisted of a hydrate formation reactor with a stirrer driven by a DC motor, a glycol-water bath, a pressure reducing valve (ER5000SI-1, Tescom), a gas ow meter (EL-FLOW Digital, Bronkhorst), and a data acquisition system (DAQ). The reactor, the core of the apparatus, was made of stainless steel with inner volume of approximately 307 cm 3 .
The glycol-water bath, equipped with two see-through quartz windows (16 mm Â 80 mm each), allowed lighting inside the reactor and making video documentation during hydrate formation process. The pressure reducing valve and the gas ow meter were used to maintain a constant pressure with a precision of AE0.5% relative and record the consumed gas, respectively. The temperature and pressure of the system were measured by a platinum resistance with an uncertainty of AE0.1 K and a pressure transducer with an uncertainty of AE 0.024 MPa, respectively. All the data of temperature, pressure, gas consumption, and process video were collected through the DAQ and saved at preset sampling intervals on a computer.
Experimental procedures
2.3.1 Measurements of hydrate formation kinetics. The measurement of hydrate formation kinetics was carried out with an isobaric method which was reported in ref. 42 . First of all, the reactor was thoroughly washed with deionized water and the aqueous solution twice, respectively. Then, the vacuum reactor was charged with 100 mL of aqueous solution and cooled to the experimental temperature. Aer the temperature was kept constant for about 0.5 h, the reactor was pressurized to the experimental pressure (6.0, or 3.0 MPa) with CH 4 under the control of the pressure reducing valve. Once the temperature increase caused by injected CH 4 was removed, the stirrer was switched on and set to 200 rpm. This value was chosen because the stirring rate was relatively low to observe the hydrate formation process and to compare the effects of temperature, pressure and salt concentration on hydrate kinetics. The end of the hydrate formation could be checked through the stabilized temperature and gas consumption. As shown in Fig. 2 , section A was the process in which CH 4 was charged, and sections (B, C and D) were the hydrate formation process, which could be divided into nucleation part, rapid growth part, and slow growth part. All the experiments were repeated thrice for each system with different w, temperatures and pressures to ensure that the experiment results were reliable and reproducible.
2.3.2 Raman measurement. The double (TBAC + CH 4 ) SCHs samples were prepared at P (pressure) ¼ 6.0 MPa and DT (subcooling degree) ¼ 6 K. To prevent the dissociation of hydrate shell, the samples were preserved in liquid nitrogen when transported or prepared for microstructural measurement in our laboratory. Raman measurement was performed at 203 K with a confocal Raman spectrometer (LabRAM HR, Horiba) equipped with a multichannel air-cooled CCD detector. An laser source (Torus, Laser Quantum Ltd.) operating at 532 nm was used with a power of 50 mW. The silicon crystal standard of 520.7 cm À1 was employed to calibrate the subtractive spectrograph. The sample was placed in the sample disk which could keep the sample at 203 K with the help of liquid nitrogen (LN).
Results and discussion
Formation kinetics of (TBAB + CH 4 ) hydrate
To fully understand the effect of TBAC on CH 4 hydrate formation kinetics, the experiment was conducted with w varying from (0.10 to 0.45) at P ¼ (6.0 and 3.0) MPa under different temperature conditions (DT ¼ 6 K, or T ¼ 278.15 K). Table 1 and Fig. 3 showed the experimental conditions as well as equilibrium data of double (TBAC + CH 4 ) SCHs. [43] [44] [45] It could be seen that the experimental temperatures were higher than the equilibrium temperatures of pure CH 4 hydrate at the same pressure. Hence it could provide a more economical method for hydrated based gas storage. The formation process could be generally divided into three sections: nucleation process, rapid growth process and slow growth process. Thus the investigated parameters included induction time (IT), normalized gas consumption (NGC), hydrate rapid growth time (RGT) and hydrate rapid growth rate (RGR). It was well-known that systems with a higher DT and higher P, indicating a higher driving force, were expected to show a better kinetic performance. Fig. 4 presented the IT of hydrate nucleation process for systems at various w, P and T. The IT was caused by the fact that a supersaturation environment was needed for the hydrate formation. The supersaturation environment was dependent on the pressure and temperature differences between the equilibrium conditions and the operation conditions. In the present study, IT was calculated as the time elapsed from the beginning of the stirring until a signicant temperature increase was detected in the system, which could also be conrmed with the assistant of visual observation through the see-through quartz windows. As shown in Fig. 4 , under the same DT or T, systems with higher P showed shorter IT. And under the same P, systems with lower T also showed shorter IT. While considering the effect of TBAC, IT did not show a regular trend with the increase of w. The stochastic property of IT performed strongly in systems with w ¼ 0.20. It should be noted that in systems of (B2, B4, C2, C4, D2 and D4), the hydrate formation had started before the start of stirring, then the IT was set to be 0 in these systems. The readings of stirring were shown only on the digital screen and not collected through DAQ, thus the curve could not be provided. In the future study, the readings would be added in the experimental apparatus. The obvious drawback was the fact that the formation of SCHs seriously hindered the start of stirring. Then it prevented the CH 4 molecules from going into the test uid and forming double (TBAC + CH 4 ) SCHs. Thus the prior formation of SCH and unable start of stirring led to the reduction in methane capture. From this viewpoint, the systems with rather long or short IT were not the good choice for industrial applications, since the long IT would cause nancial loss and the extremely short IT might lead to the unable start of stirring and the decreased gas storage amount. Total gas consumption (TGC) was the parameter of hydrate growth process (shown as section C and D in Fig. 2 ) and collected with the gas ow meter. As shown in Fig. 5 , despite of systems in which stirring was blocked at rst, systems with same P showed similar TGC, and it had little difference with the change of w. Besides, TGC of systems with P ¼ 6.0 MPa was two times higher than that of systems with P ¼ 3.0 MPa. In complement with the data of TGC, normalized gas consumption (NGC) was calculated with TGC and the moles of added TBAC (n TBAC ) which was collected with the test solutions, as shown in eqn (1). Its unit was molCH 4 mol À1 TBAC.
Different from the calculation of NGC with moles of consumed gas and water reported in refs, 46 ,47 the calculation of NGC in the present study was proposed due to the fact that the amount of TBAC was the main factor affecting the hydrate forming amount in our systems. According to the structural parameters (10D$5TBAC$150H 2 48 with TS-I structure. It should be noted that the NGC of A2 was higher than 2 molCH 4 mol À1 TBAC. This might be caused by the structure of SCH, which would be checked and discussed in the next Section 3.2. From Fig. 5 , it could be seen that the effects of P and T on NGC were similar to those on TGC. But considering the effect of w, it was greatly different. With the increase of w, NGC continuously decreased. Considering the fact that in all systems only double (TBAC + CH 4 ) SCH was formed, this phenomenon revealed that with the increase of w, the amount of CH 4 trapped in the unit cell of SCH continuously decreased, indicating that the cage occupancy decreased. Thus the system with high w, showing good stabilization effect in thermodynamics, did not perform well in gas storage, and the system with low salt concentration was a good choice for advanced gas storage. Besides, Fig. 5 illustrated that the gas consumption parameters were affected more by pressure than by temperature, thus for systems with same w, pressure was a key parameter for gas consumption. Since the gas consumption was affected by the experimental conditions, systems with TBAB reported in open literature could not be compared with the systems in this study. Thus the comparison of systems with different SCH formers under the same experimental conditions would be the subject of future study. Furthermore, the rapid growth stage of hydrate growth process was studied in addition to understanding the hydrate formation kinetics. The process, shown as section C in Fig. 2 , began from the end of the nucleation and ended at the point in which the slope of the plotted gas consumption-t curve sharply changed. In this section, the hydrate was formed evenly and quickly, represented by the constant slope of (gas consumptiont) curve. Thus the rapid growth time (RGT) and rapid growth rate (RGR) were chosen to illustrate this stage. As shown in Fig. 6 , the RGT of systems with P ¼ 6.0 MPa and DT ¼ 6 K were relatively long under different w, while in systems with P ¼ 3.0 MPa, the RGT became shorter with the increase of w. Besides, the RGR was also an important parameter. As illustrated in Fig. 6 , the RGR decreased vary slightly with the increase of w in each system. And the effect of T on RGR was larger in systems with P ¼ 6.0 MPa than that in systems with P ¼ 3.0 MPa. Fig. 6 revealed that the hydrate rapid growth process, different from gas consumption parameters, was affected more by temperature than by pressure. In other words, to improve the gas rapid growth process, temperature was a key parameter. In addition, these data suggested that the under the conditions of DT ¼ 6 K and T ¼ 278.15 K, the running time for hydrate growth would be better within (40 to 100) min and (30 to 60) min, respectively.
Structural analysis of (TBAC + CH 4 ) hydrate
To understand the structure and molecular behavior of (TBAC + CH 4 ) SCHs, Raman measurement was carried out. Fig. 7 should be noted that this phenomenon was not the rst time to show up. In 2015, Kim et al. 39, 40 studied the spectra of (TBAC + CO 2 ) SCHs and (TBAC + CO 2 + N 2 ) SCHs, and the results showed that the addition of TBAC caused a slight shi of wavenumbers from 1275 cm À1 to 1272 cm À1 . Moreover, Hashimoto 50 provided the differences between HS-I SCHs and TS-I SCHs in Raman spectra in 2008. The differences mainly showed in the peaks around 1100 cm À1 and 1400 cm À1 , and the latter one only showed up in HS-I. In our experimental systems, the peaks appeared at 1133 cm À1 , 1156 cm À1 and 1407 cm It was reported that pure TBAC hydrate was formed only on the basis of TS-I. 3 Thus it was assumed that at low salt concentrations the addition of CH 4 induced the formation of HS-I since it had three D cages per TBAC which was higher than that of TS-I.
Conclusions
In this study, the formation kinetics of TBAC + CH 4 SCHs have been investigated with an isobaric method for potential application of gas storage at moderate temperatures. In order to fully understand the effect of different operation conditions, the experiment was carried out for systems with w ¼ (0.10, 0.20, 0.30, 0.34 and 0.45) and P ¼ (6.0 and 3.0) MPa at constant (DT or T). The IT became shorter with higher supersaturation environment, represented by higher P or lower T. The NGC continuously decreased with the increase of w, showing that the amount of CH 4 trapped in the 5 12 cages decreased rather than kept constant. The parameters of rapid growth stage, RGT and RGR, were studied to provide information for industrial operation. The suggested operation time for systems with DT ¼ 6 K or T ¼ 278.15 K was (40 to 100) min and (30 to 60) min, respectively. In addition, Raman spectra were employed to investigated the structure of (TBAC + CH 4 ) SCHs. The spectra revealed that the SCHs were formed with hexagonal structure or tetragonal structure under different salt concentrations, which were different from the structures of pure TBAC hydrate. It was assumed that at low salt concentrations the addition of CH 4 induced the formation of hexagonal structure since it had three 5 12 cages per TBAC which was higher than that of tetragonal structure. These results were of great fundamental and practical importance for advanced hydrate-based gas storage.
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